The effect of changes in left ventricular (LV) systolic force generation on cardiac c-fos and c-jun protooncogene expression was studied by using isolated beating hearts from male Wistar rats. An isovolumic buffer-perfused heart preparation was utilized in which coronary flow and heart rate were held constant and increments in LV balloon volume were used to generate defined levels of LV systolic wall stress. Using Northern and slot-blot analyses, we found that LV tissue from control hearts that generated high levels of LV systolic wall stress expressed 3-to 4.4-fold higher c-fos and c-jun mRNA levels in comparison with tissue from the respective flaccid right ventricles, and in comparison with LV tissue from hearts that generated minimal LV systolic wall stress. To distinguish the role of passive LV diastolic wall stretch from active LV force generation, we found that distension of the LV balloon per se did not have a sicant effect on protooncogene induction in hearts perfused with 2,3-butanedone monoime, which prevents systolic cross-bridge cycling and force generation. In additional hearts studied at a constant LV balloon volume to generate an LV end-diastolic pressure of 10 mm Hg, c-fos mRNA levels were proportional to the magnitude fpeak LV systolic wall stress (r = 0.823, P < 0.05). In these protocols, Fos protein was localized by immunohistochemistry in myocyte nuclei with minimal ting in fibroblasts and vascular smooth muscle. When c-fos and c-jun mRNA expression was compared in hearts with chronic LV hypertrophy due to ascending aortic banding and age-matched control hearts that generated similar incremental levels of LV systolic wall stress, sifcantly lower levels of c-fos and c-jun mRNA were measured in the hypertrophied hearts. However, there was no difference in protooncogene mRNA expression in response to stimulation by the Ca2+ ionophore A23187. These data suggest that, in this isolated isovolumic beating heart preparation, the active generation of an acute increment in LV systolic force Independent of passive diastolic myocardlal stretch causes a rapid induction of both c-fos and c-jun, which is down-regulated in the presence of established LV hypertrophy.
ABSTRACT
The effect of changes in left ventricular (LV) systolic force generation on cardiac c-fos and c-jun protooncogene expression was studied by using isolated beating hearts from male Wistar rats. An isovolumic buffer-perfused heart preparation was utilized in which coronary flow and heart rate were held constant and increments in LV balloon volume were used to generate defined levels of LV systolic wall stress. Using Northern and slot-blot analyses, we found that LV tissue from control hearts that generated high levels of LV systolic wall stress expressed 3-to 4.4-fold higher c-fos and c-jun mRNA levels in comparison with tissue from the respective flaccid right ventricles, and in comparison with LV tissue from hearts that generated minimal LV systolic wall stress. To distinguish the role of passive LV diastolic wall stretch from active LV force generation, we found that distension of the LV balloon per se did not have a sicant effect on protooncogene induction in hearts perfused with 2,3-butanedone monoime, which prevents systolic cross-bridge cycling and force generation. In additional hearts studied at a constant LV balloon volume to generate an LV end-diastolic pressure of 10 mm Hg, c-fos mRNA levels were proportional to the magnitude fpeak LV systolic wall stress (r = 0.823, P < 0.05). In these protocols, Fos protein was localized by immunohistochemistry in myocyte nuclei with minimal ting in fibroblasts and vascular smooth muscle. When c-fos and c-jun mRNA expression was compared in hearts with chronic LV hypertrophy due to ascending aortic banding and age-matched control hearts that generated similar incremental levels of LV systolic wall stress, sifcantly lower levels of c-fos and c-jun mRNA were measured in the hypertrophied hearts. However, there was no difference in protooncogene mRNA expression in response to stimulation by the Ca2+ ionophore A23187. These data suggest that, in this isolated isovolumic beating heart preparation, the active generation of an acute increment in LV systolic force Independent of passive diastolic myocardlal stretch causes a rapid induction of both c-fos and c-jun, which is down-regulated in the presence of established LV hypertrophy.
Myocardial hypertrophy is an adaptive response to pressure overload of the heart that is characterized by protein synthesis (1, 2), changes in isoenzyme expression (3) (4) (5) , cell growth, and remodeling (6, 7) . The hypertrophic process initially appears to normalize the acute elevation of systolic wall stress, whereas in the later stages the capacity to hypertrophy may diminish (7, 8) . The acute effects of mechanical stimuli on protein synthesis have been documented in isolated myocytes (9) , in papillary muscles (10) , and in isolated hearts (11, 12) . The rapidly induced protooncogenes c-fos, c-jun-and c-myc may play a critical role in mediating the mechanical signals that initiate protein synthesis and cell growth (13) (14) (15) (16) (17) (18) (19) .
We tested the hypothesis that an acute increase in left ventricle (LV) systolic wall stress distinct from passive diastolic wall stretch is the predominant hemodynamic signal that triggers c-fos and c-jun mRNA induction in isolated isovolumic beating rat hearts. Cell types that express Fos protein and its subcellular localization were identified by using immunohistochemistry. In addition, we studied the effect of acute changes in LV systolic wall stress in hearts from rats with chronic experimental aortic stenosis to determine whether c-fos and c-jun mRNA induction is modified in hearts with established hypertrophy compared with agematched control hearts.
METHODS
Preparation of Animals. Aortic stenosis was created in weanling male Wistar rats as previously described (20) . The animals were used 10 weeks after operation, and the hypertrophied hearts were characterized by a 62% increase in LV weight compared with controls.
Perfusion of Isolated Hearts. The isolated isovolumic rat heart preparation perfused with modified Krebs-Henseleit buffer has been described in detail (20, 21) . In this preparation, temperature was maintained at 350C and heart rate was held constant with a pacer at 4 Hz. The coronary venous effluent was completely drained such that the right ventricle (RV) was-empty and flaccid. Coronary flow rate was adjusted to achieve a coronary perfusion pressure of 80 mmHg in control hearts and 100 mmHg in the hypertrophied hearts (1 mmHg = 133 Pa). These differing coronary perfusion pressures were selected because prior studies have shown that this approach would achieve comparable myocardial flow rates per g of LV myocardium (20, 21) . A collapsed latex balloon was placed in the LV chamber and LV pressure was measured by a Statham P23 Db transducer (Statham Instruments, Hato Rey, PR). In these isovolumic hearts with normal LV geometry (control hearts) and concentric nondilated LV hypertrophy (hypertrophied hearts), LV systolic pressure normalized per unit of LV mass is proportional to LV systolic wall stress (21) . In addition, peak LV systolic meridional wall stress was calculated (22) .
Protocol l: Effects of Incremental Systolic Force Generation.
We used previous observations of LV weight in this chronic aortic stenosis model to estimate the expected LV weight in the hypertrophied hearts and the control hearts (20) . The LV balloon volume was then adjusted such that the hearts generated absolute levels of peak LV (20) . For further quantification of these mRNA levels, multiple slot-blot hybridization analyses were performed, using three amounts of RNA from each sample (8, 4 , and 2 jig). To control for possible sample variability, identical slot blots were hybridized with a control cDNA probe, one encoding glyceraldehyde-3-phosphate dehydrogenase (GAP-DH) (24) . Autoradiograms generated by slot blots were scanned with an LKB microdensitometer. Regression lines were calculated from the integral values obtained by scanning the serial concentrations of each sample. The relative signals of the specific mRNA were estimated from the slope of the regression line, and only r values > 0.90 were accepted. The signal for c-fos and c-jun mRNA was divided by the signal for the internal control GAP-DH mRNA (24) for each sample, and all quantitative results were expressed as ratios of c-fos or c-jun mRNA to GAP-DH mRNA. The observations were unchanged when the c-fos ratios were expressed per ug of total RNA. The intra-and interblot coefficients of variation were 8% and 9%, respectively.
Immunohistochemistry. LV balloons were inserted into the LV cavity, but they remained collapsed in two control and two LV hypertrophied hearts. By adjusting the LV balloon volume, LV systolic pressure generation was increased to 140 mm Hg/g in four controls and three hypertrophied hearts and was held constant for 90 min of perfusion. After perfusion, whole hearts were frozen in isopentane precooled with liquid nitrogen. Immunofluorescence microscopy was per- Statistical Analysis. All data are presented as mean + SEM. Average slopes of slot-blot autoradiographs were directly compared by Student's unpaired t tests, with the exception of comparison between c-fos mRNA levels of LVs and RVs of the identical hearts, which was performed by using Student's t test for paired data. Two-way analysis of variance combined with Fisher's exact test for post hoc analyses was used for multiple comparisons in case of three or more comparisons between groups. The relationships between LV pressure and cardiac c-fos mRNA levels were determined by using rank correlation analysis (Spearman's p). Significance was accepted for P < 0.05.
RESULTS

Induction of c-los and c-jun Genes Is Proportional to Systolic
Load in Isolated Beating Hearts. We studied the effects of the acute imposition of LV systolic force generation on the induction of c-fos and c-jun protooncogenes in beating bufferperfused hearts from normal rats. The LV balloon volume was adjusted such that the isovolumic hearts generated three different levels of LV systolic pressure per g of LV mass for 60 min. Neither c-fos nor c-jun mRNA was detectable in hearts obtained immediately after sacrifice without subsequent perfusion. However, detectable c-fos expression was observed in perfused hearts, probably due to stress from the perfusion procedures. In the isolated beating hearts, graded levels of acute active LV systolic force generation were associated with the induction of incremental levels of both c-fos and c-jun mRNA (Fig. 1) . Slot-blot analyses revealed that LV myocardium from control hearts that generated 80 and 120 mm Hg/g of LV of developed pressure, respectively expressed 3.5-fold (P < 0.01) and 4.4-fold (P < 0.005) higher c-fos/GAP-DH mRNA ratios at 60 min, in comparison with the hearts with empty LV balloons that generated minimal systolic force. In addition, there was minimal induction of c-fos or c-jun mRNA in the RVs, which were collapsed, in comparison with the adjacent LV chambers, which generated high systolic pressure (P < 0.005, Fig. 2 ). The examination of protooncogene expression after 1 hr of the abrupt imposition of a systolic wall stress was based on time course experiments, which showed that c-fos and c-jun mRNAs began to accumulate at 15 min, reached peak levels at 1 hr, and declined to low levels by 4 hr (data not shown).
Passive LV Chamber Stretch Is Not the Predominant Signal for Load-Induced Protooncogene Induction. To distinguish whether active systolic force generation or passive myocardial stretch was the major signal for protooncogene induction, two additional experiments were done. First, hearts were perfused with BDM to inhibit active cross-bridge cyPhysiology: Schunkert et cling and systolic force generation. Empty LV balloons or balloons distended to the maximal volume used in the above studies were emplaced in the hearts. There was no difference in myocardial c-fos and c-jun mRNA levels in relaxed hearts with collapsed versus distended LV chambers (19.3 ± 2.0 vs. 21.8 ± 1.9 c-fos/GAP-DH mRNA ratio, P = not significant). Direct stimulation of protein kinase C by the phorbol ester DPBA in parallel to BDM perfusion caused an induction of c-fos mRNA similar to that seen in hearts exposed to high systolic wall stress (data not shown). This excludes a nonspecific inhibitory effect of BDM perfusion on transcription. Second, additional hearts were studied in which the LV balloon volume was adjusted to achieve an identical LV end-diastolic pressure of 10 mm Hg in each heart. The variability of actively generated LV systolic pressure/g of LV was used for correlation with myocardial c-fos and c-jun mRNA levels in individual hearts. Myocardial c-fos and c-jun mRNA levels were proportional to the magnitude of systolic force development (r = 0.823, P < 0.05).
Fos Protein Induced by Acute Pressure Overload Is Localized Primarily in Myocyte Nuclei. LV myocardium from hearts that generated 140 mm Hg/g for 90 min was studied with immunofluorescence microscopy. As shown in Fig. 3 , intense staining was detected in nuclei of cardiac myocytes, as judged by the corresponding phase-contrast micrograph. Little or no immunoreactivity was found in the cytoplasm and in nonmyocytes.
Induction of c-fos and c-jun mRNA by Systolic Wall Stress
Is Down-Regulated in Chronk Hypertrophy. We compared the levels of c-fos and c-jun mRNA expression in hearts with established hypertrophy and control hearts in response to similar levels of acute systolic wall stress. We used previous measurements of LV weight in this aortic stenosis model to allow us to estimate LV mass in the hypertrophied and control hearts, and we then adjusted the LV balloon volume in three subsets of hypertrophied and control hearts to achieve absolute LV systolic pressures that would result in the following matched levels of systolic pressure per g: 0 (empty LV balloon), 80, and 140 mm Hg/g. This strategy resulted in differing levels of absolute LV systolic pressure in the control hearts (0, 75 ± 10, and 135 ± 4 mm Hg) and in the hypertrophied hearts (0, 127 ± 15, and 209 ± 4 mm Hg), whereas the levels of calculated peak systolic meridional wall stress were similar in the control and hypertrophied hearts. Despite higher absolute levels of LV systolic pressure and similar levels of systolic wall stress, the LV myocardium of the hypertrophied hearts expressed significantly lower levels of both c-fos and c-jun mRNA compared with the agematched control hearts. Although GAP-DH mRNA levels tended to be lower in hypertrophied hearts (0.31 ± 0.03 vs. 0.48 ± 0.03 arbitrary densitometric units), the significant decrease in c-fos and c-jun mRNA was sustained when data were expressed as ratios to GAP-DH mRNA levels (Fig. 4) . Furthermore, time course experiments showed that this observation could not be attributed to a different time course of maximal c-fos and c-jun protooncogene expression in the hypertrophied LVs (Fig. 5 ). Hg   FIG. 4 . c-fos mRNA levels in LV tissue of hypertrophied (LVH) and sham-operated control (C) hearts. For each group, the ratios generated by quantitative slot-blot analysis are shown as mean SEM. c-fos mRNA levels are expressed as ratio to GAP-DH mRNA. Groups of six or seven hearts generating LV pressures of 80 or 140 mm Hg/g for 60 min were studied to allow the comparison of level of c-fos mRNA expression at matched levels of systolic wall stress in the control and hypertrophied hearts (P < 0.05).
To determine whether the depressed stress-induced expression of protooncogene mRNAs in the hypertrophied hearts was related to a generalized defective capacity for c-fos and c-jun protooncogene induction or was specific to the signal of systolic wall stress, additional groups of hypertrophied and control hearts were stimulated with the Ca2+ ionophore A23187 for 60 min. In both groups, the LV balloon was kept empty so that the increase in Ca2+ influx did not promote high systolic pressure generation. A23187 perfusion caused an induction of c-fos and c-jun similar to that seen with high systolic wall stress. There was no significant difference between the hypertrophied and control hearts in the magnitude of c-fos and c-jun induction when stimulated with the Ca2+ ionophore (52 4 vs. 72 10 c-fos/GAP-DH mRNA ratio). (15, 18, 19) .
The surge of protooncogene expression is followed by an increase of cardiac total RNA content (25) and an altered expression of genes encoding contractile and regulatory proteins (15, 20, (26) (27) (28) . In the present study, the imposition of an acute increase in systolic wall stress imposed on isovolumic beating rat hearts was identified as a mechanism for increased expression of cardiac c-fos and c-jun protooncogenes. Significantly higher c-fos and c-jun mRNA levels were expressed in stressed as compared with unloaded LVs and respective empty RVs. This pattern of c-fos and c-jun expression mimics the regional distribution of hypertrophy after experimental pressure overload, which is limited to the LV for the first 8 weeks of aortic banding (20) .
Time course studies revealed that c-fos and c-jun mRNAs were detectable as early as 15 min, peaked after 60 min, and returned to low levels 240 min after exposure to increased systolic wall stress. The c-fos induction in the isolated beating hearts appeared earlier than after banding of the ascending aorta (2 hr) in the intact animal (15) , which might be explained by stronger or more homogeneous stimulation in this in vitro preparation. This pattern of rapid but transient expression of chfos and c-jun genes was observed previously in fibroblasts (29, 30) and in myocytes (31) and may be mediated by transcriptional autoregulation (32) and accelerated degradation of the mRNA by an inducible factor binding to the 3' untranslated region of the mRNA (33, 34) . Active systolic tension development has been hypothesized to be a major factor for load-induced protein synthesis in isolated papillary, muscles (10, 35) . However, passive stretch ofcardiac myocytes or in cardiac muscle preparations has been shown to increase c-fos mRNA levels and stimulate protein synthesis as well (1, 9, 12, 31, 36) . In the present investigation no increase of c-fos and c-jun mRNA levels was noted in LVs relaxed with BDM over the range of LV balloon volumes used in the experiments to generate graded levels of systolic force. These data suggest that the passive changes in LV chamber volume used in the present protocols are not the major factor that accounts for the induction of c-fos and c-jun mRNAs we observed in beating hearts. In fact, when beating hearts were studied at identical constant end-diastolic pressures, c-fos mRNA expression was closely correlated with the magnitude of actively generated LV systolic wall stress. These data do not contradict an effect of passive stretching on c-fos mRNA induction at extremely high diastolic pressures in the intact heart, since we studied increments of intraventricular volume over a physiologic range of LV end-diastolic pressure. However, the finding that the level of active systolic wall stress is a potent signal for c-fos and c-jun induction is in agreement with clinical studies which suggest that induction of cardiac hypertrophy in response to acute pressure overload is characterized initially as a response to the signal of increased systolic wall stress such that the subsequent development of hypertrophy serves to normalize systolic wall stress (7, 8) .
Increases of coronary flow or coronary perfusion pressure have been reported to induce c-fos mRNA expression or protein synthesis in isolated perfused rat hearts (11, 37) . In this study, coronary flow was held constant and the fluctuation in coronary perfusion pressure was small so that no significant correlation between these parameters and c-fos or c-jun mRNA levels could be demonstrated.
Systolic wall stress and induction of cardiac c-fos mRNA was followed by expression of Fos protein in nuclei ofcardiac myocytes. The Fos and Jun proteins form a complex (AP-1) that binds to defined sequences in the 5' flanking region of Physiology: Schunkert et al.
Proc. Nati. Acad. Sci. USA 88 (1991) several genes (38, 39) . A permissive role of AP-1 in mediating growth response is supported by the finding that blockade of its synthesis by c-fos antisense mRNA inhibited cell proliferation in NIH 3T3 cells (40) . Pssibre target genes, whichare partially regulated by binding of the AM-complex and expressed at high levels in pressure-overloaded hearts, include atrial natriuretic peptide, transforming growth factor p, and skeletal a-actin (15, 41, 42) . In our experiments, fibroblasts and vascular smooth muscle or endothelial cells showed little or no immunoreactivity for' Fos antibodies, although lower levels of expression in these cells cannot be excluded.
This study also showed that the systolic wall stressmediated induction ofthe c-fos and c-jun genes in hearts with established LV pressure overload hypertrphy is depressed in comparison with normal-hearts. Studies in athletes and in patients with chronic aortic stenosis have shown that the capacity to hypertrophy in response to load appears to be limited and may diminish. with long-standing cardiac hypertrophy (7, 8, 43, 44) . In rats with experimental coarctation of the abdominal aorta, the rate ofcardiac growth peaks after 14 days of pressure overload (2,-25) . The limitation of myocardium to undergo adaptive hypertrophy has also been demonstrated in aged rats with experimental aortic stenosis, which fai to increase c-fos nIRNA, total RNA content, and heart weight in response to aortic banding (ref. 45 and our unpublished observation). The present finding, that myo cytes of hypertrophied hearts induce less c-fos or c-jun mRNA in response to an increase in systolic wall stress-than control hearts, corroborates these observations. In this study, senescence was not the responsible factor, since the response of the hypertphied hearts was compared with 
